ABSTRACT: Direct oral anticoagulants (DOACs) are in wide use among patients requiring both short-and long-term anticoagulation, mainly due to their ease of use and the lack of monitoring requirements. With growing use of DOACs, it is imperative that physicians be able to manage patients on these medications, especially in the perioperative period. We aim to provide guidance on the management of DOACs in the perioperative period. In this review, we performed an extensive literature search summarizing the management of patients on direct-acting anticoagulants in the perioperative period. A total of four direct-acting oral anticoagulants were considered appropriate for inclusion in this review. The drugs were dabigatran etexilate mesylate (Pradaxa), rivaroxaban (Xarelto), apixaban (Eliquis), and edoxaban (Savaysa). Management of patients on DOACs in the perioperative period involves an assessment of thromboembolic event risk while off anticoagulation compared to the relative risk of bleeding if such drug is continued. DOACs may not need to be discontinued in minor surgeries or procedures, and in major surgeries, they may be discontinued hours prior depending on drug pharmacokinetics and renal function of the patients.
Introduction
Direct oral anticoagulants (DOACs) are in wide use among patients requiring both short-and long-term anticoagulation. DOACs are preferred because of the ease of use, favorable pharmacokinetics with fixed dosing, decreased drug-drug interactions, and the lack of monitoring requirements. 1 With growing use of DOACs, it is imperative that physicians be able to manage patients on these medications in the perioperative period, while balancing the risk of bleeding with that of thromboembolic events. In this review, we aim to discuss in detail the mechanism of action, pharmacokinetics, indications, dosages, drug interactions, and indications of each DOAC. Additionally, we discuss the side effects, contraindications, and most importantly, the perioperative management of patients on each DOAC.
Management of patients on DOACs in the perioperative period involves an assessment of thromboembolic event risk while off anticoagulation compared to the relative risk of bleeding if such drug is continued. As with warfarin, in minor surgeries or procedures, DOACs may not need to be discontinued, although evidence to support such practice is not robust. 2 In cases where DOACs are to be stopped prior to the procedure, advance planning and coordination is required. The goal of perioperative DOAC interruption is to seek minimal or no residual anticoagulant effect at the time of procedure. 3 Procedures are therefore performed outside of peak systemic drug levels. 4 Given the relative short half-life of DOACs, anticoagulant interruption is usually safe, with shorter durations in patients with normal renal and hepatic functions. 5 In determining the time of anticoagulant interruption, various factors are considered, including the elimination half-life of the DOAC, renal function of the patient (calculated creatinine clearance (CrCl)) and its corresponding effect on DOAC excretion, bleeding risk associated with the planned procedure, and the type of anesthesia. 3 Major bleeding as defined by the International Society on Thrombosis and Haemostasis for surgical studies is bleeding that is fatal or in a critical organ; extra surgical site bleeding with a decrease in hemoglobin of  2 g/dL or requiring transfusion of  2 units of blood; and surgical site bleeding that requires second intervention or causes hemarthrosis with delayed mobilization or wound healing, prolonged hospitalization, or deep wound infection or that is unexpected and prolonged and causes hemodynamic instability. 6 Conversely, arterial thromboembolic events are characterized as major in the form of ischemic stroke or systemic embolism and considered minor in the form of a transient ischemic attack. Minor bleeding is therefore defined as bleeding that does not meet the criteria for major bleeding. 6 Thromboembolic risks during anticoagulant interruption are dependent on the presence of underlying comorbid conditions such as atrial fibrillation, prosthetic heart valves, and recent venous or arterial thromboembolism in the preceding three months. 2 Very high thrombotic risk individuals are those with mitral valve prostheses, recent stroke or transient ischemic attack within the past six months, CHA 2 DS 2 -VASc score of  6, rheumatic valvular heart disease, recent venous thromboembolism (VTE) within the past three months, or severe thrombophilia. 2 Individuals at high thrombotic risk in the perioperative period include those with bileaflet aortic valve prosthesis with either atrial fibrillation, prior stroke or transient ischemic attack, hypertension, diabetes, congestive heart failure, age  75 years, CHA 2 DS 2 -VASc score of 4-5, VTE within prior 3 to 12 months, and active malignancy. Moderate thrombotic risk individuals are those with bileaflet aortic valve prosthesis without atrial fibrillation, CHA 2 DS 2 -VASc score of 2-3, and VTE more than 12 months prior. 2 Bleeding risk is determined by the invasiveness and timeliness of the procedure or surgery. Increased bleeding risk procedures are considered as having 2%-4% two-day risk of major bleeding while low-risk procedures have 0%-2% bleeding risk. 7 Increased bleeding risk procedures include, but not limited to, vascular surgery, general surgery, bilateral knee replacement, endoscopically guided fine-needle aspiration, polypectomy, variceal treatment, biliary sphincterotomy, pneumatic dilatation, transurethral prostate resection, and any major surgery lasting over 45 minutes duration. 5 Low bleeding risk procedures include abdominal hernia repair, abdominal hysterectomy, axillary node dissection, and bronchoscopy with or without biopsy. 5 Cataract eye surgery, cholecystectomy, dilatation and curettage, gastrointestinal endoscopy with or without biopsy, enteroscopy, biliary or pancreatic stent placement without sphincterotomy, endoscopic ultrasound without fine-needle aspiration, hemorrhoidal surgery, and tooth extractions are also considered low-risk procedures. 5 Patients with high risk of bleeding in the perioperative period require interruption in their anticoagulation but stand an increased risk of thromboembolic complications. Individuals with very high thromboembolic risk such as those with recent ischemic cerebrovascular accidents are recommended to delay elective surgery or invasive procedures until the thromboembolic risk has decreased to baseline. 8 Additionally, individuals with atrial fibrillation with suboptimal anticoagulation in the month prior to surgery are recommended to postpone such surgery in order to decrease the relative thrombotic risk. 
Materials and Methods
We conducted an extensive English literature search using Pubmed, Medline, UptoDate, Medscape, and Google to identify peer-reviewed original research and review articles using the keywords "direct-acting oral anticoagulants", "new oral anticoagulants", and "DOACs". The search period included articles published until August 2016. We selected studies involving human subjects and manually searched the references to identify additional relevant studies. Inclusion criterion for evaluation was the perioperative management of direct-acting oral anticoagulants.
Results
A total of four direct-acting oral anticoagulants were considered appropriate for inclusion in this review. These drugs were dabigatran etexilate mesylate (Pradaxa), rivaroxaban (Xarelto), apixaban (Eliquis), and edoxaban (Savaysa). All drugs are summarized in Table 1 .
Dabigatran etexilate mesylate (Pradaxa).
Mechanism of action. Dabigatran etexilate mesylate, known by the brand name Pradaxa, is an oral anticoagulant that directly binds to thrombin's active site, inhibiting both free and clot-bound thrombin. Dabigatran competitively inhibits thrombin, preventing it from converting fibrinogen to fibrin monomers during the coagulation cascade. 10 Although in its prodrug formulation, dabigatran etexilate does not produce anticoagulation effects, it is converted in vivo to dabigatran, an active compound that does. This active compound is responsible for blocking thrombin-mediated events, including the degradation of fibrinogen, stimulation of factors V, VIII, XI, and XIII, and platelet aggregation.
11 Till date, there are no specific tests available to monitor dabigatran activity.
Pharmacokinetics. Dabigatran is absorbed quickly through an oral means of administration. In the context of postoperative use, however, absorption initially occurs at a much slower rate. Dabigatran has a rapid but also a predictable therapeutic effect, hence requiring less constant monitoring. 10 With protein binding of 35%, 50-70-L volume of distribution, and bioavailability of 3%-7%, dabigatran reaches plasma peak concentration within one hour if taken alone and by two hours if consumed with food.
11
The half-life of dabigatran ranges from 12 to 17 hours. It is important to note that the half-life approaches 14-17 hours in elderly individuals. In patients with mild-to-moderate renal impairment (CrCl of 30-60 mL/minute), the half-life is between 15 and 18 hours, whereas in those with severe renal impairment (CrCl  30 mL/minute), it can last as long as 28 hours. 12 Dabigatran undergoes hepatic metabolism. Hepatic esterase hydrolyzes the inactive dabigatran etexilate to its active form, dabigatran. It is a substrate of the efflux transporter P-glycoprotein but has no interaction with the CYP450 enzymes. Nearly 80% of dabigatran is excreted in the urine. 13 HealtH ServiceS inSigHtS 2016:9(S1) Indications, dosage, and drug interactions. Dabigatran was the first oral direct thrombin inhibitor approved by the FDA in 2010 to prevent stroke in those with nonvalvular atrial fibrillation. 10 It is recommended for use in patients who have CrCl of at least 15 mL/minute. Dabigatran is also used to prevent deep vein thrombosis (DVT) and pulmonary embolism (PE) in patients who have previously been treated with a parenteral anticoagulant for 5-10 days or who have recently undergone hip or knee replacement surgery. Ultimately, dabigatran is thought to be a possible alternative to warfarin in individuals who may necessitate long-term anticoagulation.
Dabigatran is an oral anticoagulant that is administered in dosages of 75 and 150 mg twice daily. In patients with nonvalvular atrial fibrillation undergoing stroke prophylaxis and prevention of systemic embolism, with a CrCl of greater than 30 mL/minute, 150 mg of dabigatran twice daily is recommended. Stangier et al 14 recommended 75 mg of dabigatran twice daily for patients with CrCl of 15-30 mL/minute. If the CrCl is less than 15 mL/minute, the drug is not recommended.
Similarly, with DVT and PE treatment, and in patients with a CrCl of greater than 30 mL/minute, 150 mg of dabigatran twice daily is recommended. If CrCl is less than 30 mL/minute, the drug is not recommended. 11 In patients who underwent hip or knee replacement surgery with CrCl greater than 30 mL/minute, dabigatran is recommended for VTE prophylaxis. A total of 110 mg of dabigatran taken one to four hours after surgery, followed by 220 mg once daily for 4-5 weeks for hip replacement and for 10 days for knee replacement is recommended.
Although not an inducer, inhibitor, or substrate of CYP450 enzymes, dabigatran is a substrate of the efflux transporter P-glycoprotein. P-glycoprotein inducers, like rifampin and carbamazepine, lessen the extent of dabigatran exposure, preventing the drug from achieving its full effect. These inducers should most often be discontinued when using dabigatran to treat nonvalvular atrial fibrillation, postoperative thromboprophylaxis, DVT, or PE. 13 P-glycoprotein inhibitors have an opposite impact, thus increasing the level of dabigatran exposure. P-glycoprotein inhibitors like amiodarone, clarithromycin, dronedarone, quinidine, and verapamil enhance dabigatran exposure and further magnify in patients with renal impairment. Thus, the recommendation is to avoid the simultaneous use of dabigatran and P-glycoprotein inhibitors in patients with a CrCl of less than 50 mL/minute when treating DVT, PE, and postoperative thromboprophylaxis. The recommendation is also to avoid inhibitors in patients with a CrCl of less than 30 mL/minute when treating for nonvalvular atrial fibrillation.
Generally, using dabigatran in conjunction with other anticoagulants such as unfractionated heparin for bridging may increase the risk of bleeding due to an enhanced anticoagulation effect during the perioperative period. Acenocoumarol and warfarin are however exceptions and are safer choices because they act on vitamin K and might be most useful in transition or bridging periods. Since food does not affect the bioavailability of dabigatran, it can be taken without regard to meals. Doing so, however, will slow achieving a peak plasma concentration by two hours.
Side effects and contraindications. Two important considerations with dabigatran include the possibilities of an adverse thrombotic event or a spinal hematoma. Dabigatran should only be abruptly discontinued in the event of pathological bleeding, and in such a scenario, another anticoagulant should be used during that time to prevent a thrombotic event if the risk of thrombosis is high, after weighing the risk/benefit ratio. Furthermore, patients receiving dabigatran must be particularly cautious with neuraxial anesthesia and spinal punctures, as with most anticoagulants, the greatest concern is hemorrhage. One of the major side effects of anticoagulants is active pathological bleeding. This is especially an issue within the context of the new oral anticoagulation drugs, because with exception of dabigatran, all others do not possess their own specific antidote.
In October 2015, an antidote for dabigatran known as idarucizumab (Praxbind) was approved by FDA. Idarucizumab is a humanized monoclonal antibiotic fragment that is capable of reversing anticoagulation by binding dabigatran. It can be used to diminish serious bleeding in patients who take dabigatran and to reverse anticoagulation effect in patients who might need to undergo an emergent/urgent surgical procedure. 15 Idarucizumab is available in the form of a 2.5 g/50 mL vial solution. Its mechanism of action involves binding dabigatran and its acylglucuronide metabolites with a higher affinity than the dabigatran is able to bind to the thrombin. This then neutralizes the dabigatran, preventing it from producing an anticoagulation state. Idarucizumab has a half-life of 47 minutes to 10.3 hours and is cleared at a rate of 47 mL/minute. It is excreted in urine, and 32.1% of the time, this occurs within six hours. This drug can also be used to control instances of dire, uncontrolled bleeding that could otherwise be fatal in those on dabigatran.
Research suggest that 5 g of idarucizumab administered intravenously (IV) is an effective dose. In those with renal impairment, this dosage does not need to be adjusted; however, it is less clear in those with hepatic impairment. Some of the most common adverse effects of idarucizumab include hypokalemia, delirium, constipation, pyrexia, pneumonia, headache, thromboembolic events, and hypersensitivity. Idarucizumab should not be taken with any other drugs, but when administered, should be given as a 5-g IV dose through two consecutive 2.5-g infusions. 15 Finally, dabigatran is contraindicated in those with mechanical heart valves. The RE-ALIGN study found that those with mechanical heart valves who received dabigatran experienced more thromboembolic complications compared to warfarin. 16 Dabigatran is also contraindicated in those with a CrCl of less than 30 mL/minute and in pregnant women. This drug is a pregnancy category C because as a small molecule, it is able to travel across the placenta. One notable side effect of dabigatran is dyspepsia, which has been reported in up to 10% of patients. Although gastrointestinal upset can be improved with time and by consuming food with dabigatran, dyspepsia effect distinguishes the drug from rivaroxaban, apixaban, and edoxaban. Other side effects from postmarketing reports include angioedema, esophageal ulcers, thrombocytopenia, and hypersensitivity reactions. 13 
Perioperative management of patients on dabigatran.
Dabigatran facilitates a shorter interruption of oral anticoagulation with comparable periprocedure bleeding risk. In the RE-LY (Randomized Evaluation of Long-Term Anticoagulant Therapy) trial with a total of 4,591 patients, who underwent elective procedures or surgery, Healey et al 18 reported the perioperative thromboembolic risk of 1.2% in the form of cerebrovascular accidents, cardiovascular death, and pulmonary embolus among subjects who received dabigatran, which was similar for patients on warfarin. Schulman et al 19 in the RE-COVER II trial reported major bleeding incidence rate of 1.8% among their study population treated with dabigatran compared with patients on vitamin K antagonist interrupted for surgery (2.94%). Dabigatran and warfarin were associated with similar rates of periprocedural bleeding, including patients having urgent surgery.
Dabigatran is recommended to be discontinued 24 hours prior to endoscopic procedures, irrespective of renal functional status in low bleeding risk procedures. In high bleeding risk procedures or surgeries, dabigatran is recommended to be discontinued 48-72 hours prior in normal renal function and mild renal function (CrCl  50 mL/minute). In moderate renal impairment (CrCl of 30-49 mL/minute), discontinue 72-96 hours before high-risk endoscopic procedure. If severe renal impairment (CrCl  29 mL/minute), discontinue 96-144 hours before endoscopy. 20 Among patients undergoing invasive procedures with increased risk of bleeding, dabigatran is recommended to be discontinued 24-48 hours in normal or mild renal impairment (CrCl  50 mL/minute) and 72-120 hours in patients with moderate renal impairment (CrCl of 30-49 mL/minute) prior due to increased risk of bleeding. Acosta et al 20 recommended discontinuation of dabigatran for a longer period of time in patients undergoing major surgeries, spinal puncture, or procedures that involve placement of a spinal or epidural catheter or port, in whom complete hemostasis may be required. According to Schulman et al, 19 an interval of 24-96 hours between the last dose of dabigatran and the planned surgery or an invasive procedure was sufficient for the vast majority of patients. In low bleeding risk procedures, DOACs need not be interrupted.
Preoperatively, bridging anticoagulant therapy with unfractionated heparin or low molecular weight heparin is employed in very high-risk thromboembolic patients who require longer duration of anticoagulant interruption for reasons including renal insufficiency. Postoperative resumption of dabigatran should be done when hemostasis is thought to be achieved following surgery. 20 Given its rapid onset and peak level within 2-3 hours after intake, it is recommended to resume dabigatran between 48-72 hours after high bleeding risk procedure and 24 hours in a low bleeding risk procedure.
Rivaroxaban (Xarelto).
Mechanism of action. Rivaroxaban, known by the brand name Xarelto, is an oral anticoagulant that prevents fibrin clot formation by directly inhibiting factor Xa, which is a part of the prothrombinase complex, and in doing so, inactivates platelets and the degradation of fibrinogen to fibrin. 21 Rivaroxaban does not require a cofactor and is known to prolong prothrombin time (PT), partial thromboplastin time (aPTT), and HepTest. 22 The most accurate means of measuring rivaroxaban levels in the blood is to perform a calibrated anti-Xa assay. 17 Pharmacokinetics. Rivaroxaban is administered orally and rapidly absorbed. With a protein binding of 92%-95%, rivaroxaban is largely albumin bound. Its volume of distribution is around 50 L, and its bioavailability is dose dependent. A 10-mg dose corresponds to a bioavailability of between 80% and 100%, whereas a 20-mg dose results in one of around 66%. Rivaroxaban achieves peak concentration within the plasma by two to four hours. The half-life of this drug is usually between 5 and 9 hours, except in the elderly, in which case, the half-life lasts between 11 and 13 hours. Rivaroxaban undergoes hepatic metabolism, through CYP3A4 and CYP2J2 enzymes, and is excreted, as both an unchanged drug and as inactive metabolites, 66% through the urine and 28% through the feces. 21 Rivaroxaban is a substrate of both ABCG2 and P-glycoprotein efflux transporter proteins. 22 Indications, dosage, and drug interactions. Rivaroxaban dosages occur in 10, 15, and 20 mg tablets. A 20 mg/day oral dose with dinner is used to protect against stroke and systemic embolism in patients with nonvalvular atrial fibrillation whose CrCl is  50 mL/minute. If CrCl is between 15 and 50 mL/minute, the dose recommended is 15 mg/day with dinner. Rivaroxaban is also used as prophylaxis against DVT and PE at a dose of 10 mg orally daily for 12 days and a dose of 10 mg orally daily for 35 days in instances of knee replacement surgery and hip replacement surgery, respectively. In this setting, it is important to administer the first dose between 6 and 10 hours after surgery to ensure that homeostasis has been reached, thereby reducing the likelihood of complications following surgery.
Another unique application of rivaroxaban is that it can be used both to treat a DVT or PE and to prevent recurrent instances of both. To treat DVT or PE, rivaroxaban is prescribed for 21 days at a dose of 15 mg orally every 12 hours, followed by a dose of 20 mg orally daily for 3 months. Finally, to reduce the risk of recurrent episodes of DVT and PE, patients are advised to take rivaroxaban 20 mg orally daily for an extended period. 22 Rivaroxaban is always recommended to be taken with food.
Rivaroxaban is metabolized through both oxidative degradation and hydrolysis. The process of oxidative degradation is catalyzed by CYP3A4/5 (major) and CYP2J2 (minor). As a result, drugs that inhibit cytochrome P450 (CYP) 3A4 will hinder the removal of rivaroxaban, causing an elevation in the drug level. 23 Rivaroxaban is also a substrate of P-glycoprotein and ABCG2 efflux transporter. 22 Rivaroxaban is largely protein bound, and a drug that inhibits both CYP3A4 and P-glycoprotein, like ketoconazole, will produce a maximal increased rivaroxaban effect. 10 Strong CYP3A4 inducers and inhibitors are categorized as Risk X, which means that they should avoid being taken in combination with rivaroxaban. Moderate CYP3A4 inducers are categorized as Risk C and can be taken in combination with rivaroxaban, but must be monitored very closely. Moderate CYP3A4 inhibitors and P-glycoprotein substrates are categorized as Risk D. This means that in patients with normal renal function, no adjustment needs to be made. However, in those with a CrCl of 15-80 mL/ minute, it is best to consider therapy modification and only use these drugs in combination if benefits outweigh risks.
More specifically, the following drugs are considered Risk X in combination with rivaroxaban: most anticoagulants (excluding acenocoumarol and warfarin), apixaban, dabigatran etexilate, edoxaban, hemin, omacetaxine, St. John's wort, urokinase, and vorapaxar. Many of these are contraindicated with rivaroxaban because they, too, act as anticoagulants and might increase the likelihood of an acute bleeding event. 21 The interaction between rivaroxaban and drugs like ketoconazole and HIV protease inhibitors (indinavir and ritonavir) is so serious that it is recommended as an alternative therapy. 22 Side effects and contraindications. For each category of treatment (nonvalvular AF, thromboprophylaxis following orthopedic surgery, and protection against recurrent DVT or PE), there are specific guidelines for how dosages should be modified within the context of renal impairment as mentioned above with dosing. Generally, rivaroxaban should be avoided in those with acute renal failure, severe renal impairment, or a CrCl of less than 15 mL/minute. The pharmacodynamics of hepatic impairment and rivaroxaban has been HealtH ServiceS inSigHtS 2016:9(S1) researched less; however, as a general rule, it is best to avoid use in patients with moderate-to-severe levels of impairment (Child-Pugh B and C) or liver disease with coagulopathy. 22 As previously discussed, the major issue with anticoagulation is bleeding. Rivaroxaban remains no exception to this, and a contraindication of the drug is active pathological bleeding. With that said, the EINSTEIN studies discovered that major bleeding occurred less in patients given rivaroxaban compared to patients receiving the standard anticoagulation. This difference was most apparent with intracranial bleeding. There is no antidote to rivaroxaban, but it is speculated that, pending additional research, prothrombin complex concentrates might be helpful in some instances of bleeding complications. 24 Much like dabigatran and edoxaban, rivaroxaban is a pregnancy category C drug, which means that it is contraindicated in pregnancy. Aside from bleeding, some of the additional side effects of rivaroxaban include the following: dizziness (6%), peripheral edema (6%), hypersensitivity reactions or rash (2%), syncope (2%), and though more rare, thrombocytopenia, agranulocytosis, hepatitis, pruritis, and Stevens-Johnson syndrome. 22 
DRUG INTERACTIONS

SIDE EFFECTS CONTRAINDICATIONS CATEGORY ANTIDOTE PERI-OPERATIVE MANAGEMENT FOR PROCEDURES FOR ENDOSCOPY
Perioperative management of patients on rivaroxaban.
Rivaroxaban has lower thromboembolic risk and major bleeding risk. In the ROCKET AF (rivaroxaban once daily, oral direct factor Xa inhibition compared with vitamin K antagonism for prevention of stroke and embolism trial in atrial fibrillation) trial, there was 0.3% thromboembolic risk observed among rivaroxaban-interrupted individuals. 9 Rivaroxaban should be discontinued 48 hours prior to high bleeding risk procedures. Restart rivaroxaban after surgery as soon as adequate hemostasis is established. If unable to take oral medication following surgical intervention, consider bridging with a parenteral low molecular weight heparin (LMWH). 20 In low bleeding risk surgeries and procedures such as endoscopy, discontinue rivaroxaban 24 hours prior to procedure in patients with normal renal function (CrCl  90 mL/minute). In mild renal impairment (CrCl of 60-90 mL/minute), discontinue rivaroxaban 48 hours before procedure. If moderate renal impairment (CrCl of 30-59 mL/minute), discontinue rivaroxaban 72 hours before procedure, and if severe renal impairment (CrCl of 15-29 mL/minute), discontinue rivaroxaban 96 hours before procedure. 20 Rivaroxaban can be restarted at the same prior dose after hemostasis has been reached; however, in high bleeding risk procedures, it is recommended to reinitiate rivaroxaban after 48-72 hours. During such gap without anticoagulation, bridging with LMWH may be required in high and very high thromboembolic risk patients.
Apixaban (Eliquis).
Mechanism of action. Apixaban, known by the brand name Eliquis, is an oral anticoagulant that acts on the same mechanism as rivaroxaban and edoxaban. All three of these drugs directly and selectively inhibit factor Xa, which occupies a pivotal role converting prothrombin to thrombin. This is significant because thrombin is needed both to activate platelets and to produce fibrin from fibrinogen for clot formation. 25 Furthermore, factor Xa is a crucial part of the blood coagulation cascade. The ultimate goal of both the extrinsic and intrinsic pathways is to activate factor X to become factor Xa in order to perpetuate the cascade. By interfering with this important step, apixaban achieves a state of anticoagulation.
Pharmacokinetics. Apixaban is administered orally and displays a more prolonged absorption than dabigatran or rivaroxaban. 26 Thus, apixaban does not reach a peak plasma concentration until three to four hours after administration. Apixaban is 87% protein bound, with a 21-L volume of distribution and a bioavailability of 50%. With repeated dosing, the half-life of apixaban is 12 hours. Apixaban is mostly metabolized by CYP3A4. It is a substrate of P-glycoprotein and breast cancer-resistant protein. 25 A total of 27% of the drug's total clearance occurs through the kidney, and 25% is excreted as metabolites in the urine and feces. 26 Indications, dosing, and drug interactions. To prevent deep venous thrombosis, apixaban is prescribed in 10 mg doses twice daily for seven days, which is later tapered down to 5 mg twice a day. A dose of 2.5 mg twice daily following six months of a prior initial treatment for DVT has been shown to reliably diminish the risk of a recurrence.
Apixaban also offers protection from stroke and systemic embolism in patients with nonvalvular atrial fibrillation with a dose of 5 mg twice daily. However, if a patient has two of the following characteristics, a dose of 2.5 mg twice daily is considered sufficient: greater than 80 years of age, body weight of less than 60 kg, or a serum creatinine of greater than 1.5 mg/dL. The other indications do not need renal dose adjustments. Apixaban is not recommended in severe liver dysfunction (Child-Pugh C). Treatment for PE with apixaban requires first 10 mg twice daily for seven days and later 5 mg twice daily, whereas reducing recurrence requires just 2.5 mg twice daily after prior treatment. 25 After a recent surgery, 2.5 mg of apixaban twice daily for 35 days (hip replacement) or 12 days (knee replacement) starting 12-24 hours after the surgery has been shown to reduce the risk of a venous thrombus.
Much like rivaroxaban, apixaban is metabolized by the CYP3A4 enzyme. More specifically, apixaban is a substrate of BCRP, CYP1A2 (minor), CYP2C19 (minor), CYP2C8 (minor), CYP2C9 (minor), CYP3A4 (major), and P-glycoprotein. It also weakly inhibits CYP2C19. 25 If a substance inhibits CYP3A4, it will prevent effective metabolism and excretion of apixaban. This will then cause the levels of apixaban to accumulate in the blood. 23 Additionally, if a patient has diminishing renal or hepatic function, this can produce an increased drug effect, even without a CYP3A4 inhibitor. 10 Some of the drugs that act as inhibitors on cytochrome P450 and increase apixaban's anticoagulation per dose include the following: amiodarone, selective serotonin reuptake inhibitors, and cimetidine. Moderate CYP3A4 inhibitors are categorized as Risk C when used with apixaban, requiring close monitoring. Strong CYP3A4 inhibitors are also categorized as Risk C, and this category includes the following: cobicistat, darunavir, itraconazole, ketoconazole, lopinavir, ombitasvir, paritaprevir, ritonavir, saquinavir, and telaprevir. Grapefruit juice is also known to dramatically increase levels of apixaban and must be consumed with caution when taking this drug. 25 When administering apixaban with dual inhibitors of both CYP3A4 and P-glycoprotein, it is suggested that the dosage be modified. The dosage should be decreased by 50% if the patient is taking greater than 2.5 mg twice daily, and if taking 2.5 mg twice daily, coadministration of strong dual inhibitors should be avoided all together. 26 Some of the drugs that act as inducers on cytochrome P450 include the following: carbamazepine, phenytoin, rifampin, and barbiturates. In contrast to the inhibitors, these inducers will enhance the clearance of apixaban, thereby reducing apixaban's therapeutic effect, which could put the patient at risk for forming a clot. 27 Moderate inducers are categorized as Risk C and must be closely monitored; strong inducers are categorized as Risk X, implying that they should not be used in combination with apixaban. Some of the other drugs that are categorized as Risk X with apixaban include anticoagulants (with the exception of acenocoumarol and warfarin), dabigatran etexilate, edoxaban, hemin, omacetaxine, St. John's wort, urokinase, and vorapaxar. 25 Apixiban is also contraindicated with the following medications: carbamazepine, defibrotide, dexamethasone, fosphenytoin, prothrombin complex concentrate (human), rifabutin, rifampin, St. John's wort, and warfarin. 26 Side effects and contraindications. Bleeding and severe hypersensitivity are major contraindications for the administration of apixaban. More specifically, this drug should not be used in those with a prior reaction to Pradaxa, a ChildPugh of B or C, liver disease with coagulopathy, or a CrCl of less than 15 mL/minute. Some side effects include bleeding (1.41%-2.13%), syncope (1%), and hypersensitivity reactions, namely, skin rashes or allergic edema (1%). 26 Perioperative management of patients on apixaban. Apixaban, like the other DOACs, has a lower thromboembolic risk and major bleeding risk. Thromboembolic risk determined in the ARISTOTLE trial (apixaban for reduction in stroke and other thromboembolic events in atrial fibrillation) noted 16 thromboembolic events (30-day postprocedural evaluation for stroke or any VTE) out of 4,624 procedures (0.35%) among subjects on apixaban and 26 events out of 4,530 procedures (0.57%) in patients receiving warfarin. 28 Patients with recent thromboembolism had higher risk of the occurrence of an acute preoperative event.
Apixaban-treated patients evaluated in the preoperative setting for major bleeding events 30 days postprocedure in the ARISTOTLE trial had 74/4,560 (1.62%) major bleeding events compared to 86/4,454 (1.93%) events in the warfarin arm. These patients were found to have a similar risk of death in the 30-day postprocedure period accounting for 54/4,624 (1.17%) in the apixaban arm and 49/4,530 (1.08%) in the warfarin arm, which again was not statistically significant. Bleeding risk for patients receiving apixaban was not significant in the preoperative period and patients can safely resume anticoagulation with apixaban, once hemostasis is achieved. 28 Limited data comparing risks and benefits of apixaban continuation or cessation exist, and thus, every decision is made on a case-by-case basis. Apixaban is recommended to be discontinued 24-48 hours before high bleeding risk procedures in patients with CrCl  60 mL/minute. If moderate renal impairment, CrCl of 30-59 mL/minute, discontinue apixaban 72 hours before procedure and 96 hours before highrisk endoscopic procedures in severe renal impaired patients (CrCl of 15-29 mL/minute). 20 In low bleeding risk procedures such as dental procedures (excluding multiple tooth extractions), cutaneous procedures (biopsy, superficial tumor excision), and low-risk cardiac procedures such as implantable devices and endovascular procedures, apixaban may be continued, as evident in the ARISTOTLE trial where approximately one-third (37.9%) did not interrupt anticoagulation treatment in the apixaban arm. 28 Novel factor Xa inhibitors have a rapid onset of action in the blood stream as noted by pharmacokinetics with maximum concentration three to four hours after ingestion of apixaban. Preoperatively, patients should be assessed for risk of stroke and thrombosis while off anticoagulation for high bleeding risk procedures.
Edoxaban (Savaysa).
Mechanism of action. Edoxaban, known by the brand name Savaysa, reduces blood coagulation by directly inhibiting factor Xa, much like rivaroxaban and apixaban. In the simplest sense, all three of these drugs decrease thrombin generation, and in doing so, decrease the formation of thrombi, which produces a state that opposes coagulation. Edoxaban impacts multiple coagulation tests, namely, partial thromboplastin time and anti-Xa assay, which have both been shown to accurately indicate drug levels within the plasma. 17 Pharmacokinetics. Edoxaban is administered orally, and it takes between one and two hours for it to reach peak plasma concentration. Edoxaban has a 107-L volume of distribution, is about 55% protein bound, and has a bioavailability of 62%. The half-life of edoxaban ranges from 10 to 14 hours, and in the plasma, it is most often found in the form of unchanged edoxaban. Edoxaban is a substrate of the P-glycoprotein transporter. About half of it is renally cleared, and when excreted via the urine, it is predominately done so in the form of unchanged drug. 29 Indications, dosing, and drug interactions. Edoxaban is used to protect against stroke and systemic embolism in instances of nonvalvular atrial fibrillation. In such instances, the patient must have a CrCl of less than 95 mL/minute as it was noticed that edoxaban increases the risk of ischemic stroke when compared to warfarin. It is also indicated after a hip or knee arthroplasty for the prevention of venous thrombotic events. Another crucial use of edoxaban is to treat DVT and PE in those who received a parenteral anticoagulant 5 to 10 days prior. 30 In the ENGAGE AF-TIMI trial, the rates of both stroke and embolism were lower in those given edoxaban compared to those given warfarin. More specifically, in patients given warfarin, the rate of systemic emboli was 1.50%, and in patients given high-dose or low-dose edoxaban, the rates of systemic emboli were 1.18% and 1.61%, respectively. 31 Edoxaban, an oral medication that can be taken without food, is available in 15, 30, and 60 mg tablets. In patients with atrial fibrillation, a dose of 60 mg orally daily is recommended for stroke prophylaxis if CrCl is between 50 and 95 mL/minute. If the CrCl is between 15 and 50 mL/minute, dose is adjusted to 30 mg orally daily. For DVT or PE treatment following use of a parenteral anticoagulant, a dose of 60 mg orally daily is recommended in patients weighing greater than 60 kg, and one of 30 mg orally daily in those weighing less than 60 kg. 29 If the CrCl is between 15-50 mL/minute, dose is adjusted to 30 mg orally daily for both stroke prophylaxis with nonvalvular atrial fibrillation and DVT or PE treatment.
Edoxaban is minimally metabolized by hydrolysis, conjugation, and oxidation involving CYP3A4. It is also a substrate of P-glycoprotein. Edoxaban's main contraindication is with defibrotide. However, edoxaban is also listed as a Risk X with the following medications: anticoagulants (excluding acenocoumarol and warfarin), apixaban, dabigatran, omacetaxine, rifampin, rivaroxaban, urokinase, and vorapaxar. This means that edoxaban should not be used in conjunction with any of these medications. By decreasing serum concentration of edoxaban, the P-glycoprotein/ABCB1 inducers may also limit the distribution of the drug in the body. For instance, certain organ tissues and cells (the brain, T-lymphocytes, and testes) possess P-glycoprotein in larger amounts. These same areas will have comparatively less edoxaban in the presence of an inducer than will other areas. For this reason, P-glycoprotein inducers are categorized as Risk C and must be monitored closely when administered with edoxaban. Additionally, P-glycoprotein inhibitors cause the opposite effect and run the risk of high serum levels of edoxaban. Since this might produce too much anticoagulation, P-glycoprotein inhibitors are categorized as Risk D, which means that it is important to consider therapy modification. For example, in patients taking edoxaban for VTE, a dose reduction is recommended if the patient also takes a P-glycoprotein inhibitor. A dose adjustment is not recommended, however, in patients taking edoxaban for atrial fibrillation, even if they are also taking an inhibitor.
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Contraindications and side effects. It is recommended that dosage be adjusted in patients with mild hepatic impairment (Child-Pugh class A) and that the drug be avoided entirely in those with moderate-to-severe hepatic impairment (Child-Pugh classes B and C). According to the International Society on Thrombosis and Haemostasis, edoxaban and other oral anticoagulants, in general, are not recommended in those with a BMI of greater than 40 kg/m 2 or a weight of greater than 120 kg. 32 Guidelines exist for how to properly dose edoxaban in patients with renal impairment, taking into account both their CrCl and the reason for needing anticoagulation in the first place. Even with these dose adjustments, as stated earlier, edoxaban should be avoided in those with active pathological bleeding, a Child-Pugh classification of B or C, a prior reaction to dabigatran, liver disease with coagulopathy, or a CrCl of less than 15 mL/minute or greater than 95 mL/minute. Additionally, since molecule size of these oral anticoagulants is small, they can pass through the placenta and must be avoided in pregnancy. Edoxaban in particular is pregnancy category C drug, along with dabigatran and rivaroxaban. 30 As with most anticoagulants, including the new oral anticoagulants, the greatest risk is for bleeding, which makes sense given their fundamental mechanism of action. Thus, an obvious contraindication to edoxaban and other oral anticoagulants is active pathological bleeding. 33 Of particular concern is the possibility of an epidural or spinal hematoma that could result from taking edoxaban along with neuraxial anesthesia or during a spinal puncture, which could result in permanent paralysis.
Despite this adverse effect, edoxaban has still been shown to be preferable to warfarin with regard to reducing major bleeding events. In one study, edoxaban was found to be just as effective as warfarin in preventing recurrent VTE in patients with acute PE or DVT. At the same time, those treated with edoxaban developed fewer bleeding complications, at a rate of 8.5% versus 10.3%. 34 Compared to warfarin, these new oral anticoagulants produce less intracranial bleeding than warfarin does. However, at the same time, they have been found to produce more gastric bleeding than warfarin. Other side effects of edoxaban include abnormal liver function tests (4.8%), rash (4.2%), anemia (1.7%), and general bleeding (9.4%). 29 Perioperative management of patients on edoxaban. Very limited data exist in the literature regarding the perioperative risk of interrupting edoxaban use. Likely due to the recent FDA approval of edoxaban on January 8, 2015, and various black box warnings associated with the medications, it has not been widely integrated into general practice of clinicians. In the ENGAGE AF-TIMI 48 trial, comparing edoxaban and warfarin for stroke prevention in atrial fibrillation population, 3,116 patients had drug interruption (discontinued apixaban 4-10 days prior to procedure) and 4,077 patients continued apixaban (discontinuation of apixaban, 3 days or less prior to procedure). Analysis of the perioperative period did not show any statistical significance in both studied arms with similar outcomes in terms of stroke or systemic embolism, whether the drugs were discontinued or not.
Analysis of the ENGAGE AF-TIMI 48 trial evaluated patients for their increase in major bleeding episodes and death from all causes. Bleeding risk is increased if anticoagulation is not interrupted in the perioperative period, and such bleeding risk did not differ from forms of anticoagulation whether it is a vitamin K antagonist or factor Xa inhibitor such as edoxaban. 35 Patients who were randomized to warfarin were further evaluated based on interruption and uninterruption, 11 events out of 1,041 patients and 34 events out of 1,405 were noted respectively. Patients were further split into 30 and 60 mg of edoxaban based on dose reductions due to renal function, and again evaluations of the interrupted and uninterrupted population were performed. Patients who received 30 mg of edoxaban had 12 out of 1,012 events in the interrupted arm and 35 out of 1,367 events in the uninterrupted arm. Edoxaban 60 mg exhibited similar results, 11 out of 1,063 events noted in the interrupted population and 47 out of 1,305 in the uninterrupted population. 35 Based on the aforementioned clinical analysis of the ENGAGE AF-TIMI 48 trial, decisions whether to discontinue edoxaban should be closely weighted by factors such as patients' risk for thrombosis and bleeding risk during the procedure. In patients with increased risk of thromboembolism, bridging with shorter acting anticoagulants such as unfractionated heparin is recommended. 36 In high bleeding risk procedures, edoxaban should be discontinued 72 hours prior. Edoxaban is recommended to be discontinued at least 24 hours prior to low bleeding risk procedures, irrespective of renal functional status. 20 In the perioperative setting, the driving force that dictates whether to bridge anticoagulation is determined by patients' risk for thromboembolism and stroke. Atrial fibrillation risk of stroke is determined by the CHADS 2 VASc score, and risk of VTE is determined by timing of most recent VTE and inherited or acquired thrombophilias. In high-risk thromboembolic patients, bridging of edoxaban is recommended prior to procedure; however, due to the rapid onset of edoxaban, bridging postoperatively is usually not required.
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Summary and Future Directions
Management of patients on DOACs in the perioperative period is now an important know-how in the era of increasing number of patients on DOACs. It requires the assessment of thromboembolic event risk while off anticoagulation compared to the relative risk of bleeding if such drug is continued. DOACs may be successfully managed in the perioperative period with consideration given to the pharmacokinetics of the DOAC, renal function of patients, risk of bleeding with respective to the procedure or surgery, and thromboembolic risk of the patient.
